Nuclear transport is facilitated by the Nuclear Pore Complex (NPC) and is essential for life in 15 eukaryotes. The NPC is a long-lived and exceptionally large structure. We asked whether NPC function 16 is compromised in ageing mitotic cells. By imaging of single yeast cells during ageing, we show that 17 the abundance of several NPC components and NPC assembly factors decreases while signs of 18 misassembled NPCs appear. Consequently, nuclear permeability decreases, resulting in decreased 19 dynamics of transcription factor shuttling and increased nuclear compartmentalisation. In support that 20 declining NPC quality control is important in mitotic ageing, we find that the transport kinetics 21 observed in ageing is mimicked in an NPC assembly mutant. Additionally, the single cell life histories 22 reveal that cells that better maintain NPC function are longer lived. We conclude that assembly and 23 quality control of NPCs are major challenges for ageing mitotic cells. 24 25 48 49
Introduction 26
Rapid and controlled transport and communication between the nucleus and cytosol are essential for 27 life in eukaryotes and malfunction is linked to cancer and neurodegeneration (reviewed in Fichtman 28 and Harel, 2014). Nucleocytoplasmic transport, is exclusively performed by the Nuclear Pore Complex 29 (NPC) and several nuclear transport receptors (NTRs or karyopherins) (reviewed in (Fiserova and 30 Goldberg, 2010; Hurt and Beck, 2015) ). NPCs are large (~30 MDa in yeast and ~50 MDa in humans) 31 and dynamic structures (Alber et al., 2007; Kim et al., 2018; Onischenko et al., 2017; Teimer et al., 32 2017). Each NPC is composed of ~30 different proteins, called nucleoporins or Nups (Fig. 1a) . The components of the symmetric core scaffold are long lived both in dividing yeast cells and in postmitotic single-cells. Supplementary Fig. 2 : The abundance and localisation of NPC components in replicative ageing, related to Fig. 1  a, The experimental timeline where young cells are trapped in the microfluidic device and bright field images are taken every 20 minutes to define the cells age and fluorescent images are taken once every 15 hours to detect the protein localization and abundance. b, Heat map representation of the changes in the levels of the indicated GFP-and mCh-tagged Nups at the NE in each yeast cell at increasing age. Each line represents a single cell's life history showing the change in the ratio of the fluorescence from the GFP-tagged Nup over the fluorescence of the mCh-tagged Nup and normalized to their ratio at time zero. Measurement of the fluorescence ratios are marked with "x"; in between two measurements the data was linearly interpolated. The fold changes are color coded on a log 2 scale from -1 to +1, except for Nup2 where the changes were larger and the scale runs from -2 to 2; blue colors indicate decreasing levels of the GFP-fusion relative to mCh. Number of cells in the heatmaps are Nup133-GFP/Nup49-mCh = 94, Nup49-GFP/Nup133-mCh = 108, Nup2-GFP/Nup49-mCh = 98. Data from Nup133-GFP/Nup49-mCh is repeated from Figure 1b middle panel for easy comparison.
Fig. 2:
Mitotic ageing is associated with problems in NPC assembly rather than oxidative damage a, Time-averaged radial density distribution of FG-Nups for different positions along the z-axis separated by 1 nm, in the range -15.4 < z < 15.4 nm, plotted for the wild type (black), the maximally carbonylated NPC (red) (See also Supplementary  Fig. 4d,e ). The dark coloured lines represent the density averaged over the range -15.4 < z < 15.4 nm. b, Time-averaged r-z density of FG-Nups in the wild type NPC (left panel), the oxidized NPC (right panel). c, Protein abundance of Heh1, Vps4, Rtn1 and Rtn2 as measured in whole cell extracts of yeast cells of increasing replicative age. Data from (Janssens et al., 2015) . d, Heatmaps showing single cell abundance of Heh2-GFP (N = 100) and Apq12 (N = 200) at the NE, relative to Nup49-mCh in replicative ageing. e, Heh2-GFP and Apq12-GFP abundance at the NE, relative to Nup49-mCh, as a function of remaining lifespan. The dotted lines indicate best linear fit; Pearson correlations are indicated. Number of cells analyzed are Apq12 = 82, Heh2 = 51 and number of measuring points analyzed are Apq12 = 193 and Heh2 = 102. Data represents single replicates, a second replicate is shown in Supplementary Fig. 3 . f, Percentage of cells with a Chm7 focus at the NE at different ages. Buds were excluded from the analysis. Error bars are weighted SD from the mean, from three independent replicates. P-values from Student's t-test **p≤0.01. N = Total number of cells. Supplementary Fig. 3: Heh2 asymmetrically retained, and accumulated in the mother cell over time (Webster et al., 2014) . We thus 139 asked, if replicatively aged cells start to progressively accumulate misassembled NPCs. Correct NPC 140 assembly is assisted by several proteins that are temporarily associated with NPCs during the assembly 141 process (Dawson et al., 2009; Lone et al., 2015; Otsuka and Ellenberg, 2018; Scarcelli et al., 2007; 142 Webster et al., 2016; Zhang et al., 2018) . Amongst these are (i) Heh1 and Heh2, the orthologues of 143 human LEM2 and Man1, which are known to be involved in recognition of misassembled pores 144 (Webster et al., 2014 (Webster et al., , 2016 , (ii) Vps4, an AAA-ATPase with multiple functions amongst which the 145 clearance of misassembled NPCs from the NE (Webster et al., 2014) and (iii) Apq12, Rtn1 and Rtn2, 146 Brr6 and Brl1 membrane proteins of the NE-ER network that are involved in NPC assembly, possibly 147 through roles in modulating membrane curvature (Lone et al., 2015; Scarcelli et al., 2007; Zhang et al., 148 2018).
149
The system wide proteomics data showed that the protein levels of Heh1, Rtn1 and Rtn2 are stable in 150 abundance in ageing, while a sharp decrease in abundance was found for Vps4 ( Fig. 2c , and 151 Supplementary Fig. 1c showing stable transcript levels). Additionally, we found that the abundance of 152 Heh2-GFP and Apq12-GFP at the NE decreased relative to Nup49-mCh in ageing ( Fig. 2d , and 153 Supplementary Fig. 1c showing stable transcript levels). Despite the fact that neither Heh2 nor Apq12 154 are essential proteins, we found their levels to be correlated with the remaining lifespan of the cells, 155 where those cells showing the lowest levels of Heh2-GFP or Apq12-GFP had the shortest remaining 156 lifespan ( Fig. 2e ). Previous work showed that a single deletion of heh2, vps4 or apq12 is sufficient to 157 cause misassembled NPCs (Scarcelli et al., 2007; Webster et al., 2014) so the decrease in abundance of 158 the proteins Heh2, Apq12 and Vps4 suggests that NPC assembly is compromised in ageing and 159 misassembled NPCs may accumulate.
160
To get a more direct readout of problems in NPC assembly we studied Chm7, the nuclear adaptor for 161 the ESCRT system (Webster et al., 2016) . Chm7 sometimes forms a focus at the NE and the frequency 162 of focus formation is related to NPC assembly problems as mutant strains with impaired NPC assembly 163 show more frequently Chm7 foci at the NE (Webster et al., 2016) . We quantified the frequency of 164 focus formation in differently aged cells. Indeed, the foci are more than twice as frequently seen in the 165 highest age group (age 15-24), compared to cells younger than 5 divisions. Also, the frequency at 166 which cells have more than one focus present at the NE is more than 4-fold higher in the oldest age 167 group (Fig. 2f) . 168 We conclude that three proteins involved in the assembly of NPCs decrease strongly in abundance in 169 ageing (Vps4, Heh2 and Apq12) in a manner that correlates with remaining lifespan (Fig. 2) . The 170 decrease in abundance of those proteins, and potentially also the decrease of FG-Nup abundance 171 ( Fig. 1) , is likely to cause the NPC assembly problems, which we observe as an increased Chm7 focus formation frequency ( Fig. 2f) . Supplementary Fig. 4 : In vitro oxidation and models of NPCs with oxidative damage, related to Fig. 2 a, Anti-GFP Western blot of Nsp1-GFP immunoprecititated from extracts of exponentially growing BY4741 cell expressing Nsp1-GFP from the native promotor and treated without or with 1 mM menadione for 90 minutes to induce high ROS levels (Nsp1-GFP, Nsp1-GFP ox). As positive control in vitro oxidized purified ID protein (namely the ID linker of Heh2 fused to GFP, ID-GFPox) was added to the BY4741 cell extracts before immunoprecipitation. BY4741 cell extract with and without additions of non-oxidized ID-GFP serve as negative controls (ID-GFP and control). b, Carbonyl detection with ELISA. The immunoprecipitated samples were cleaned from detergents, and serial dilutions were bound to Nunc maxisorp ELISA plates and an ELISA with GFP antibodies as well as an oxi-ELISA, essentially as described by (Alamdari et al., 2005) , were performed. The read outs of both ELISAs represent the amount of protein (anti-GFP, red bars) or carbonyls (oxi-ELISA with anti-DNP, blue bars) on ID-GFP and Nsp1; carbonyl levels on Nsp1-GFP are below the detection level even under these strongly oxidizing conditions. c, The Stokes radii for FG-Nups and FG-Nup segments for the native and carbonylated state (in Angstrom). The black bar represents the experimental (native) Stokes radii from (Yamada et al., 2010) , the blue bar represents the prediction for these native FG Nups (Ghavami et al., 2014) , the prediction for the carbonylated FG Nups is plotted in red and the results for the carbonylated_HP (see Methods for details) variant is shown in green. The error bar for the simulations represents the standard deviation in time. d, Time averaged radial density plot for a carbonylated_HP NPC compared with the wild type and carbonylated NPCs at different positions along the z-axis separated by 1 nm in the z-range of -15.4 to 15.4 nm. In the carbonylated_HP NPC only the effect of carbonylation on the hydrophobicity is accounted for. The average over the different z-values is plotted as thick lines for all three cases. e, Two-dimensional (rz) density map for the carbonylated_HP NPC.
Increased steady state nuclear compartmentalization in ageing is mimicked in an NPC assembly
175 mutant 176 Next, we experimentally addressed the rates of transport through and from the nucleus with ageing.
177
During import and export NTRs bind their cargoes through a nuclear localization signal (NLS) or 178 nuclear export signal (NES) and shuttle them through the NPC. In addition to facilitating active 179 transport, the NPC is a size dependent diffusion barrier (Popken et al., 2015; Timney et al., 2016) . We 180 measured the rate of efflux in single ageing cells and find that passive permeability is not altered 181 significantly in ageing ( Supplementary Fig. 5a-c) , excluding the possibility that that NPCs with 182 compromised permeability barriers ('leaky' NPCs) are prevalent in ageing cells. We then looked at Fig. 6a and Supplementary Fig. 1c for transcript levels) as is their abundance at 186 the NE and their localisation ( Supplementary Fig. 6b-d ). To test whether transport kinetics change with 187 ageing, we used GFP-NLS (Kap60, Kap95 import cargo) and GFP-NES (Crm1 export cargo) reporter 188 proteins, and GFP as a control. The steady state localization of these proteins depends primarily on the 189 kinetics of NTR facilitated transport (import or export) and passive permeability (influx and efflux), 190 while retention mechanisms are minimal, enabling direct assessment of transport kinetics. 191 We carefully quantified the steady state localisation of transport reporters in individual ageing cells in 192 the non-invasive microfluidic setup (See Supplementary Fig. 7 for lifespan of strains). In the vast 193 majority of cells we observed that GFP carrying a NLS accumulated more strongly in the nucleus at 194 high ages ( Fig. 3a, middle panel) , and, interestingly, the GFP carrying a NES is more strongly depleted 195 from the nucleus in the vast majority of cells ( Fig. 3a, right panel) . For the control, GFP, we find a 196 more stable N/C ratio in ageing ( Fig. 3a, left panel) . While the changes in steady state accumulation are 197 observed already early in life when looking at single cells, on the population level the changes become 198 significant only later in the lifespan (Fig. 3b) . A previous report showed a reduction in 199 compartmentalization of GFP-NLS in age 6+ yeast cells isolated from a culture (Lord et al., 2015) , 200 while we see no statistically significant difference at this age. We note that there are many differences 201 in the experimental setups that may explain the difference. The systematic changes in the steady state 202 localisation of the reporter proteins that we observe in the ageing cells show that in aged cells the 203 balance between the rates of NTR-facilitated-transport (import and export) and passive permeability 204 (influx and efflux) are altered such that in old cells the kinetics of passive permeability is lowered 205 relative to the kinetics of NTR-facilitated-transport. The whiskers extend to the most extreme data points not considered outliers, and the outliers are plotted individually. Non overlapping notches indicate that the samples are different with 95% confidence. The overall changes were thus not significant, although we note that based on a two-tailed Student's T-test the N/C ratio for Kap95 is significantly increased after 15 h (p = 8.7 x 10 -4 ). No significant correlation was found with age (Crm1: r = 0.15, p = 0.09 and Kap95: r = 0.07, p = 0.39), or lifespan (Crm1: r = 0.04, p = 0.63 and Kap95: r = 0.11, p = 0.16). Number of cells analyzed at 0 h, 15 h, and 30 h were for Kap95 = 155, 165, 72 and for Crm1 = 156, 138, 87. d, Heatmap representation of changes in N/C ratio of Crm1-GFP (N = 134) and Kap95-GFP (N = 132).
To our knowledge, there are no strains with mutations in the NPC that have been shown to lead to Fig. 9 : Models of NPCs with altered stoichiometry a, The time averaged radial density distribution of the 24 constructed models (grey) (see Table S1 ) based on the FG-Nup abundance data from Fig. 1c with the average of the 24 models plotted in blue denoted as 'Aged proteome'. Each curve in grey represents the radial density averaged over the NPC height i.e. |z| < 15.4 nm for one of the 24 different models. b, Time-averaged r-z density of FG-Nups the aged proteome NPC.
Materials and Methods

301
Strains 302
All Saccharomyces cerevisiae strains used in this study are listed Table I and were validated by   303 sequencing. Experiments in this study were performed with BY4741 genetic backgrounds, except the 304 deletion of apq12, which is instable in the BY4741 background. W303 apq12Δ was created by using To measure the passive permeability of NPCs in old cells, the cells were replicatively aged in the 335 microfluidic chip for approximately 21 h. Subsequently, the medium in the chip was exchanged, as described by (Crane et al., 2014) , for Synthetic Complete medium supplemented with 10 mM sodium 337 azide and 10 mM 2-deoxy-D-glucose (Shulga et al., 1996) . Additionally, the medium was 338 supplemented with some Ponceau S stain, which makes the medium fluoresce in the mCherry channel.
339
The addition of sodium azide and 2-deoxyglucose depletes the cell of energy and destroyes the Ran-340 GTP/GDP gradient thus abolishing active transport of reporter proteins. We measured the net efflux of 341 reporter proteins by imaging the cells every 30 s. 10 These programs provide different estimates of the value of log P for a given chemical structure. They on the concept of structure-additivity (Fujita et al., 1964) .
408
The hydrophobicity scale in the 1BPA force field (Ghavami et al., 2014) is derived from three scales 409 that are based on partition energy measurements. Since the free energy of partition is proportional to 410 logP, the strategy was chosen to find logP values for the oxidized amino acids. To obtain a reliable 411 value for each of the chemically modified amino acids, a weighted average scheme is used. Instead of 412 using the predicted hydrophobicity for the entire residue, it is more accurate to use the predicted change 413 in hydrophobicity since the change in molecular structure upon introduction of a functional group due 414 to carbonylation is small. To account for the variation in accuracy of the predictor programs, a weight 415 is assigned to each program based on the deviation of the prediction from our existing force field value 416 for the amino-acids in their native state (Ghavami et al., 2014 To explore the limited effect of carbonylation on the overall distribution of the disordered phase we 435 analyzed the changes in net hydrophobicity and charge. While the hydrophobicity for T and P is 436 reduced, the hydrophobicity of K and R increases, resulting in only a 5% increase in net hydrophobicity 437 for a maximally carbonylated NPC (see Table S3 ). Furthermore, carbonylation leads to a negatively 438 charged NPC (−7560e) compared to a weakly positive charged wild type NPC (+512e) as all K and R 439 become neutral. To separate the effects of charge and hydrophobicity on the structure, we carried out 440 an additional simulation in which we consider only the change in hydrophobicity caused by 441 carbonylation and leave the charge unaffected (termed 'Carbonylated_HP' in Supplementary Fig. 4c -442 e). The results show that the carbonylated_HP NPC is more hydrophobic than the wild type (refer to 443 Table S3 ), resulting in a denser FG-Nup network with the maximum at a larger r-value. However, 444 when also the charge modification is accounted for in the 'Carbonylated' case in Supplementary Fig.   445 4d the Coulombic repulsion leads to a lowering of the density, illustrating that both the change in 446 hydrophobicity and charge affect the distribution of the disordered phase. These changes are small yet 447 noticeable near the scaffold of the NPC, whereas the density at the center (r < 5 nm) is hardly affected. Growth of strains for oxidation assays 452 100 ml of BY4741 expressing Nsp1-GFP, was grown to an OD 600 of 0.8 after which the culture was 453 split in two portions of 50 ml; 1 portion was stressed by ROS by the addition of menadione (1 ml of 8 454 mg/ml in ethanol) for 1.5 hrs, while to the other only 1 ml of ethanol was added. The cells were then harvested, washed with water and stored at -80°C until use. 
